An observational relationship has been well established among magnetic reconnection, high-energy flare emissions and the rising motion of erupting flux ropes. In this paper, we verify that the rate of magnetic reconnection in the low corona is temporally correlated with the evolution of flare nonthermal emissions in hard X-rays and microwaves, all reaching their peak values during the rising phase of the soft X-ray emission. In addition, however, our new observations reveal a temporal correlation between the magnetic reconnection rate and the directly observed acceleration of the accompanying coronal mass ejection (CME) and filament in the low corona, thus establishing a correlation with the rising flux rope. These results are obtained by examining two well-observed two-ribbon flare events, for which we have good measurements of the rise motion of filament eruption and CMEs associated with the flares. By measuring the magnetic flux swept through by flare ribbons as they separate in the lower atmosphere, we infer the magnetic reconnection rate in terms of the reconnection electric field E rec inside the reconnecting current sheet (RCS) and the rate of magnetic flux convected into the diffusion region. For the X1.6 flare event, the inferred E rec is~5.8 V cm À1 and the peak mass acceleration is 3 km s À2 , while for the M1.0 flare event E rec is~0.5 V cm À1 and the peak mass acceleration is 0.2-0.4 km s À2 .
INTRODUCTION
Coronal mass ejections (CMEs; Hundhausen et al. 1984; Hundhausen 1993 ) and solar flares are among the most spectacular phenomena of the Sun. Several decades of observations have shown that flares and CMEs are often two aspects of the same eruptive event, although their relationship has been the subject of intense debate (see reviews by Low 1996; Hundhausen 1999) . Recent case studies of flares, filament eruptions, and CMEs indicated that fast acceleration of CMEs occurs during the flare impulsive phase (Zhang et al. 2001; Gallagher, Lawrence, & Dennis 2003; Wang et al. 2003; Cheng et al. 2003) . These observations suggest that magnetic reconnection plays an important role in the mass acceleration at the early stage of CMEs.
In many theoretical models, the CME is considered as an erupting flux rope (Low 1994; Forbes & Priest 1995; Chen 1989; Amari et al. 2000) . The plasma in the closed field lines immediately surrounding the flux rope radiates white light as the CME frontal loop. In some observations, an H filament can reside in the lower part of the flux rope. Eruption of the flux rope stretches the surrounding magnetic field lines to a nearly open state, and magnetic reconnection takes place between these field lines to form closed post-flare loops below the erupting flux rope. Mikic & Linker (1994) , Magara, Shibata, & Yokoyama (1997) , and Choe & Cheng (2000) developed a bipolar sheared-arcade reconnection model to also explain the formation of a flux rope. When the arcade field is sheared above a critical level, a current sheet is formed in a bipolar magnetic arcade, and magnetic reconnection takes place in the current sheet. As a result, a flux rope is formed above the reconnecting current sheet (RCS), and the flare is produced below the current sheet. As the magnetic reconnection progresses, the flux rope rises in height, which further enhances the magnetic reconnection rate. In the breakout model developed by Antiochos, DeVore, & Klimchuk (1999) , a sheared arcade rises to reconnect with overlying magnetic fields of opposite polarity, which pushes away the overlying fields and lets the sheared-arcade flux escape. Although a quadrupolar field is required in the breakout model, the inner sheared arcade in this model would evolve very similarly to the bipolar flux ropes. Recently, theoretical calculations by and numerical simulations by Cheng et al. (2003) , although based on different models, both show that enhanced mass acceleration is accompanied by an enhanced magnetic reconnection rate in terms of the electric field inside the RCS.
To make further progress in understanding the relationship between flare emission and CME motion, we need to obtain the magnetic reconnection rate based on observations. The magnetic reconnection rate can be determined observationally in well-observed two-ribbon flares, which often exhibit horizontal expansion motion of the ribbons as a result of magnetic reconnection at progressively higher altitudes in the corona (see review by Š vestka & Cliver 1992). With a two-dimensional approximation of a bipolar arcade, the electric field inside the RCS can be inferred by measuring the expansion speed of the well-defined ribbon fronts and the magnetic fields that the ribbons sweep through (Forbes & Priest 1984; Poletto & Kopp 1986; Qiu et al. 2002; Wang et al. 2003) . More generally, we can measure the magnetic flux swept by the initially appearing ribbon fragments, which is equal to the newly connected magnetic flux at the coronal reconnection site (Fletcher & Hudson 2001; Tarbell, Gaeng, & Saba 2003) . Combining these efforts with the study of CMEs is expected to yield interesting insight into the flare-CME relationship.
In this paper, we analyze eruptive two-ribbon flares associated with CMEs to study the relationship between magnetic reconnection rate and mass acceleration. The two flares discussed in this paper are also associated with filament eruptions, and we measure the rising motion of the filaments as a signature of flux-rope motion and coronal mass ejections.
OBSERVATIONS
We analyze two flare-CME events that were observed by several instruments at different wavelengths. An X1.6 flare occurred in NOAA Active Region 9661 (N15, W29) at 16:25 UT on 2001 October 19. It is accompanied by filament eruption and a fast halo CME. For this flare, Transition Region and Coronal Explorer (TRACE) observations at 171 Å were acquired with a 30 s cadence, which are used to measure the ribbon expansion and filament rising motion. Figure 1 shows the flare at 171 Å and the magnetogram.
The other event in this study consists of an M1.0 flare, an erupting filament, and a fast halo CME. The flare occurred in a decaying active region (S12, W18) at 11:40 UT on 2000 September 12. It is a long duration event, with the bright ribbons seen in H for over 2 hr. For this event, we use observations from the Global H Network at Kanzehohe Solar Observatory (KSO) in Austria to measure the ribbon expansion. Figure (2003) studied the evolution of the filament, CME, and flare ribbon separation of this event. In this paper, we revisit this event with a careful comparison of the magnetic reconnection rate to the evolution of the mass ejection.
Measurements of the CME height are released at the SOHO LASCO Web site. 3 We also collect X-ray and microwave observations for these events. Soft X-ray observations by GOES were obtained for both events. For the X1.6 event, microwave observations were obtained by the Owens Valley Solar Array (Gary & Hurford 1990) , and hard X-ray observations were obtained by Yohkoh. No hard X-ray and microwave observations were found for the M1.0 event, and we thus use the time derivative of the GOES soft X-ray light curve to indicate the evolution of flare nonthermal emission by assuming that the Neupert effect (Neupert 1968; Dennis & Zarro 1993) holds for this flare.
RESULTS
We measure the magnetic reconnection rate in two forms, the reconnection electric field E rec and the rate of magnetic flux change ' rec . Methods and uncertainties of these measurements are extensively discussed by J. Qiu et al. (2003, in preparation) . We measure the expansion velocity V r of welldefined flare ribbons and the normal component of the magnetic fields B n they sweep through, and E rec is then given by E rec ¼ V r B n . For both events, we measure the expansion speed of two evident ribbons that can be traced unambiguously at either side of the magnetic inversion line throughout the flare. Since both flares occur near the disk center, we approximate B n with the longitudinal component of the magnetic fields that are extrapolated to 2000 m above the photosphere using the Michelson Doppler Imager (MDI) photospheric magnetograms taken before the flares. The electric field is inferred in each of the two ribbons as E 1 ¼ V r1 B n1 and E 2 ¼ V r2 B n2 , and we average E 1 and E 2 to obtain the mean reconnection electric field E rec . The time profile of E rec is plotted in Figures 3 and 4 for the two events, respectively.
To derive the rate of magnetic flux change, we apply a numerical method that counts all the newly brightened areas dA at each time with respect to the previous time, and integrate the magnetic flux over dA to obtain ' rec ¼ @=@t ÀR B n dA Á . This method avoids the difficulty in determining the velocities of the ribbons, which usually do not have a regular shape. Therefore, it can be applied to images at the early stage of the flare as well, whereas with the first method we can start measurements only after the ribbons are properly formed. The rate of magnetic flux change (in absolute value) is measured for each of the two ribbons as ' 1 and ' 2 , respectively: we then take the mean of ' 1 and ' 2 as the flux change rate ' rec . Figures 3 and 4 show the time profile of ' rec for the two events, respectively.
In Figures 3 and 4 , we also compare the inferred magnetic reconnection rate with flare emissions at X-ray and microwave wavelengths for the X1.6 and M1.0 events, respectively. It is seen that E rec and ' rec have very similar time profiles that are also correlated with the microwave light curve and the time derivative of the soft X-ray light curve. In both events, the magnetic reconnection rate and flare nonthermal emission achieve their maximum values nearly coincidently during the rise of soft X-ray emission. Specifically, for the X1.6 event (Fig. 3) microwave emissions peak at 16:25 UT, when we also find the maximum E rec of~5.8 V cm À1 , and the maximum ' rec of order 3 Â 10 18 Mx s À1 . For the M1.0 flare (Fig. 4) , the maxima of E rec ($0.5 V cm À1 ) and ' rec ($2 Â 10 18 Mx s À1 ) coincide with the maximum of the soft X-ray time derivative, which may resemble time profiles of flare nonthermal emission, at 11:40 UT. The X1.6 event has a larger E rec than the M1.0 event by almost an order of magnitude, which may be a result of the X1.6 flare event occurring in a stronger magnetic field region than the M1.0 event. On the other hand, since the M1.0 event takes place in a much larger region, the integrated magnetic flux change ' rec is comparable in the two events.
The good temporal correlation among the time profiles of E rec , ' rec , and flare nonthermal emission suggests that the magnetic reconnection rate governs the energy release in flares, and that the E rec field plays an important role in accelerating nonthermal electrons to emit hard X-rays and microwaves. Such a correlation also justifies using the microwave and hard X-ray light curves and the time derivative of the soft X-ray light curve to infer the evolution of the magnetic reconnection rate, as in previous studies (Zhang et al. 2001; Gallagher et al. 2003; Cheng et al. 2003; Wang et al. 2003) .
Figures 5 and 6 show the rising motion of the filament and CME in the two events, as compared with E rec and ' rec . The filament heights are measured from EUV images, and the CME time-height profiles are provided by the LASCO team. 4 The velocity and acceleration of the filament and CME are obtained as the first and second time derivative of the height, respectively, to avoid the dependence on a specific fitting model. We compute the velocity and acceleration for the filament and CME separately because they are different parts of the same entity in the eruption, and might not rise at the same velocity. Note that in the filament and CME measurements we do not correct projection effects, which may give a factor of 2-3 in the number scales in both events, but should not affect the velocity or acceleration time profiles.
Comparing the evolution of the filament and CME with E rec and ' rec , we find that the mass acceleration and magnetic reconnection have similar evolution profiles. Before the impulsive rise of the flare nonthermal emission, we observe a slow rise of the filament accompanied by small-scale brightenings and a low rate of magnetic flux change from H and EUV data. This suggests that magnetic reconnection also plays a role in triggering the eruption. In some CME models, the initial stage reconnection is invoked as a mechanism for the loss of equilibrium Mikic & Linker 1994) that then leads to the flux-rope eruption. Magnetic reconnection prior to the eruption may also occur with the rise of strongly sheared magnetic core flux in the breakout model (Antiochos et al. 1999) , similar to the tether-cutting model (Moore & La Bonte 1980) . The fast-rising stage coincides with the flare impulsive phase, and the mass acceleration increases rapidly along with the increase of the magnetic reconnection rate. Within the given temporal resolution, the maximum of the filament/CME acceleration may be regarded as coincident with the peak of E rec and ' rec . As the magnetic reconnection rate decreases, the mass acceleration also decreases. Around the time when magnetic reconnection ceases, the rising-mass motion slows and the acceleration becomes deceleration. To sum up, in both events there is a close temporal correlation between the mass acceleration and magnetic reconnection within the observing accuracy of about 10 minutes.
The time intervals of magnetic reconnection (t rec ) and mass acceleration (t acc ) also reflect a correlation between the two. We estimate the time intervals of the filament and CME acceleration as the time between the rapid takeoff of the filament mass and the deceleration stage, i.e., the duration of positive a Bl or a CME . For the X1.6 event, the time interval of acceleration is about 30 minutes at the maximum. And for the M1.0 event, the acceleration time interval is over 1 hr for the filament, and at least 2 hr for the CME. These acceleration time intervals in the two events are comparable to the durations of A comparison of the magnitudes of E rec and a Bl or a CME between the two events also hints at a correlation. It is seen that the X1.6 event occurs in a strong magnetic field region and has a large reconnection electric field of order E rec % 6 V cm À1 . The maximum acceleration of the filament mass a Bl reaches 2.6 km s À2 around the maximum of E rec . In contrast, the M1.0 event takes place in a weaker magnetic field region, the maximum reconnection electric field is smaller by an order of magnitude, namely, E rec % 0:5V cm À1 at the peak, and the measured maximum acceleration a Bl is less than 0.2 km s À2 , and a CME is~0.4 km s À2 , smaller than the X1.6 event by an order of magnitude. Uncertainties in the measurements (Qiu et al. 2003) may affect the values of these quantities, but are unlikely to cause a relative change of an order of magnitude. The measured quantities of mass acceleration and electric field strength are consistent with the calculations by , and the values of the X1.6 event are also consistent with the observed mass acceleration and simulated reconnection electric field of an X1.8 flare-CME event on 2000 November 24 reported by Cheng et al. (2003) .
Also shown in Figures 5 and 6 , the maximum CME velocities in these two events are comparable, being 1450 and 1700 km s À1 , respectively. This is because the maximum velocity of the mass ejection is related to both the magnitude and duration of acceleration. Specifically for the two events studied, the filament and CME accompanying the X1.6 event have a larger acceleration than those accompanying the M1.0 event, but for a shorter time.
CONCLUSIONS
In this paper, we present the magnetic reconnection rate obtained from the measurement of the rate of change in magnetic flux in two-ribbon flares. The inferred reconnection rate is compared with the rising motion of filaments and CMEs associated with the flares. We obtain the magnetic reconnection rate in terms of the electric field E rec in the RCS by measuring the expansion velocity of the flare ribbons and the magnetic fields the ribbons sweep through at the chromosphere. Taking into account the spatial scale of the system, the magnetic reconnection rate can also be measured in terms of the magnetic flux rate ' rec convected into the diffusion region in the RCS.
We find that there is a temporal correlation among E rec , ' rec , and mass (filament and CME) acceleration (a Bl and a CME ) in both events studied in this paper. With the observing time resolution of $10 minutes, they rise, peak, and decay simultaneously. The time profile of E rec also correlates well with the flare nonthermal emission; both peak during the rise of soft X-ray emission. Our results clearly indicate that the physical link between the evolution of flares and CMEs is magnetic reconnection. Observations of the two events also support the idea that a stronger reconnection electric field, which is equivalent to a greater magnetic reconnection rate per unit length along the arcade, is associated with a greater mass acceleration. In particular, for the X1.6 and M1.0 events presented in this paper the maximum E rec are 5.8 and 0.5 V cm À1 , and the corresponding maximum mass accelerations are 2.6 and 0.2-0.4 km s À2 , respectively.
Finally, to improve the statistical significance more events should be analyzed to verify the correlation between the mass acceleration and the magnetic reconnection rate studied in this paper. Moreover, it is important to determine whether other kinds of CME configurations will yield similar relationships between the magnetic reconnection rate and the mass acceleration.
